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(54) Polymeric Tissue Sealant

(57) Methods for making biomaterials for use as a tissue sealant, kits containing precursors for forming the bioma-
terials, and the resulting biomaterials are described herein. The biomaterials are formed from a composition comprising
at least a first and a second precursor molecule, wherein:
i) the first precursor molecule is a poly(ethylene glycol) based polymer having x nucleophilic groups selected from the
group consisting of thiol or amino groups, wherein x is equal to 2 or greater than 2, preferably 3, 4, 5, 6, 7 or 8;
ii) the second precursor molecule is of the general formula:

 A-[(C3H6O)n-(C2H4O)m-B]i

wherein m and n are integers from 1 to 200
i is greater than 2, preferably 3, 4, 5, 6, 7 or 8
A is a branch point
B is a conjugated unsaturated group.



EP 2 537 539 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

Field of the Invention

[0001] The present invention relates to biomaterials, especially polymeric tissue sealants and precursor molecules
capable of forming biomaterials, especially polymeric tissue sealants and methods of making and using thereof. In
particular, the present invention relates to biomaterials for sealing or blocking tears, cuts, or abrasions in tissue.

Background of the invention

[0002] While performing medical procedures as part of a surgical intervention or treatment of injury, a physician must
often deal with extravasation of body fluids, such as cerebrospinal fluids during brain or spinal surgery, or blood resulting
from an injury, a disease or disorder, or from a surgical procedure. Restoring tissue and circulation integrity is important
for a positive outcome of a treatment regardless of whether the damage was the result of an injury or a surgical procedure.
[0003] The oldest method of joining damaged tissues is the use of mechanical fasteners such as clamps, staples or
sutures. Mechanical tissue fasteners suffer from a variety of limitations. Mechanical fasteners require significant skill,
are time consuming to apply and can leak along the line of joinder, which can itself cause additional trauma to surrounding
tissue. Also, mechanical fasteners can be ineffective in a number of highly vascularized organs. These disadvantages
further slow the surgical procedure and healing time.
[0004] Attempts to overcome these disadvantages have resulted in the development of adhesives, glues or sealants
capable of bonding tissue surfaces together rapidly, either alone, or in combination with mechanical fastening while
promoting, or at least not inhibiting, normal healing and reducing or preventing the loss of body fluids.
[0005] A common class of tissue adhesives is fibrin-based materials, which contain a concentrate of fibrinogen and
thrombin. The fibrin adhesives are typically two-component adhesives that when mixed together with a calcium source
react to simulate the last stages of the naturally occurring blood clot-forming cascade. The resulting clot adheres to
tissue and bridges tissue, gaps and seal tissue until healing can occur. However, fibrin-based adhesives have met with
limited success owing to low strength of the sealing materials and the risk of transfection associated with using human
blood derived products.
[0006] Glues based on gelatin cross-linked with an aldehyde have also met with limited success. Representative of
this class of glues are gelatin-resorcinol cross-linked with formaldehyde (GRF) or glutaraldehyde (GRFG). While gelatin-
based glues have been extensively studied and shown to generally be effective, these compositions have met with
limited success owing to the use of hot gelatin solutions, tissue irritation associated with the aldehyde, and the criticality
of the handling procedures needed to obtain proper cross-linking at the joinder site.
[0007] Owing to the above-described limitations, considerable development effort has been directed towards finding
a suitable synthetic composition which can be used as tissue glues or sealants. To this end, cyanoacrylates, poly-
urethanes, polymethylmethacrylates and polyethylene glycols, among other synthetic polymers, have been investigated
as tissue glues or sealants with limited success. There are few available tissue glues or sealant compositions that meet
the requirements of sufficient mechanical strength and biocompatibility, in addition to handling properties consistent with
a wide variety of surgical settings.
[0008] However, these compositions show disadvantages with regard to handling and mechanical properties such as
swelling of the biomaterial. Thus, there exists a need for a biomaterial that can be applied as a tissue glue or sealant
that is not only biocompatible, but also is a well-defined cure and shows a combination of the required mechanical
properties.
[0009] It is therefore an object of the present invention to provide compositions, methods and kits suitable for forming
synthetic biomaterials for use as tissue sealant. It is a further object of the invention to provide a synthetic biomaterial
for use as tissue sealant which present low increase in volume owing to water uptake. It is a further object of the invention
to provide a synthetic biomaterial for use as tissue sealant which is completely resorbable over time. It is a further object
of the invention to provide a synthetic biomaterial with good mechanical strength for use as tissue sealant. It is a further
object of the invention to provide a synthetic biomaterial that can potentially serve as an adjunct to sutured dural repair
during cranial surgery and reduces or prevents leakage of cerebrospinal fluid into the external environment.

Summary of the Invention

[0010] Compositions and methods for making biomaterials for use as tissue sealants, kits containing precursor mol-
ecules for forming the biomaterials, and the use of biomaterials in surgical settings are described herein. The composi-
tions, which are used to make the biomaterials, comprise at least a first and a second precursor molecule. The first
precursor molecule contains at least two nucleophilic groups, and the second precursor molecule contains at least two
electrophilic groups. The nucleophilic and electrophilic groups of the first and second precursor molecules are capable
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of forming covalent linkages with each other under physiological conditions. The crosslinking preferably occurs in water
under basic conditions. The precursor molecules are selected based on the desired properties of the biomaterial. In one
embodiment, the first precursor molecule is a poly(ethylene glycol) based polymer having x nucleophilic groups selected
from the group consisting of thiol or amino groups, wherein x is greater than or equal to 2. Preferably, the x nucleophilic
groups are thiol groups. Preferably the second precursor molecule is a multiarm poly(ethylene oxide-polypropylene
oxide) (PEO-PPO) block copolymer functionalized on each of its arms with conjugated unsaturated groups and the
second precursor molecule is of the general formula I:

 A-[(C3H6O)n-(C2H4O)m-B]i (Formula I)

wherein m and n are integers from 1 to 200
i is greater than 2, preferably 3, 4, 5, 6, 7 or 8
A is a branch point
B is a conjugated unsaturated group, e.g. acrylate
[0011] Such polymers are sold by BASF under the tradename Tetronic®.
[0012] In a preferred embodiment, the first precursor molecule is a four-arm poly(ethylene glycol) (PEG) functionalized
on each of its arms by a thiol group (pentaerythritol poly(ethylene glycol)ether tetra-sulfhydryl "PEG tetrathiol"). In a most
preferred embodiment, pentaerythritol poly(ethylene glycol)ether tetra-sulfhydryl has a molecular weight in a range of
about 2 to 20 kD, more preferably in a range of about 3 to 11 kD and even more preferably in a range of about 5 to 10
kD. In another embodiment, the conjugated unsaturated groups B of the second precursor molecule are acrylate groups.
Preferably, the branch point A of the second precursor molecule is selected from the group consisting of carbon, glycerol,
pentaerythritol, dipentaerythritol and ethylene diamine. More preferably, the branch point A of the second precursor
molecule is ethylene diamine. The second precursor molecule of formula I has a molecular weight in the range of about
10 to 25 kD, more preferably in the range of about 12 to 20 kD and even more preferably in the range of about 14 to 18
kD. Preferably, each of the arm of the first or second precursor molecule have the same polymerization degree. This
means that each arm of the first or second precursor molecule have an identical molecular weight.
[0013] Choosing precursor molecules wherein the sum of the number of nucleophilic groups and electrophilic groups
is greater than or equal to five results in the formation of a three-dimensional network. Optionally, the composition
contains one or more additives, such as colorants, thixotropic agents, radiopaque agents, fillers, stabilizers or bioactive
agents. In a preferred embodiment, the composition contains a colorant selected from the group of methylene blue,
lissamin green or fast green. Also optionally, the composition contains a base. In one embodiment, the base is sodium
carbonate. In the preferred embodiment, the biomaterials formed from the compositions are used to reduce, inhibit, or
contain loss of body fluids, such as loss of cerebrospinal fluid following brain and/or spinal surgery. In a preferred
embodiment the compositions are used as medical sealant. In another preferred embodiment the compositions are used
to coat the surface of a tissue. In another embodiment, the compositions are used for the manufacture of a medicament
for effecting the non-surgical attachment of a first surface and a second surface.
[0014] In order to prepare the biomaterials of the present invention, a method for making the biomaterial comprises
the step of:

i) providing a first precursor molecule
ii) providing a second precursor molecule
iii) reacting the two precursor molecules in the presence of a basic solution to form a crosslinked three dimensional
network.

[0015] Preferably the basic solution has a pH in a range of between 9 to 14, more preferably in a range of between
10 to 13 and even more preferably in a range of between 10 to 12. The pH of the solution resulting of each of the steps
i), ii) or iii) is preferably in a range of between 9 to 13, more preferably between 9.5 to 11.5 and even more preferably
between 9.8 to 11 to allow for rapid gelation. Preferably, the basic solution is a sodium carbonate solution. After putting
into contact the two precursor molecules and the basic solution, the biomaterial is rapidly formed, preferably the bioma-
terial is formed in less than two minutes, more preferably in less than 10 seconds and even more preferably in less than
5 seconds.
[0016] The precursor molecules can be stored separately as dry powders and/or in buffered solutions, typically having
an acidic pH. In a preferred embodiment, the first precursor molecule is stored as a dry powder in a first container and
the second precursor molecule is stored in an aqueous buffered solution having an acidic pH in a second container.
Optionally, the base may be stored in solution in a third container. The precursor molecules can be in contact for minutes
or hours prior to use. In one embodiment, first precursor molecule and second precursor molecule are kept separated
and are only mixed prior to transfer the resulting mixture into a dual compartment syringe. One compartment of the
syringe comprises the mixture of the precursor molecules and the other compartment the basic solution. In order to
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prepare a biomaterial with the required characteristics, the control of the concentration of the precursor molecules before
crosslinking is an important parameter. In order to retain this control, the dual compartment syringe may comprise two
compartments with a predefined volume ratio. Preferably the ratio of the volume of the compartments is 1:5 and more
preferably 1:10. The larger compartment contains the mixture of the precursor molecules and the smaller compartment
the basic solution. The dual compartment syringe is equipped with a detachable spray head and the content of the two
compartments are sprayed together to form the biomaterial with a three dimensional network in situ at the site of need
in the body.

Brief Description of the Drawings

[0017] Figure 1 shows a line graph of a comparison of percent swelling versus time of representative formulations of
the disclosed biomaterials and a commercially available biomaterial when stored in phosphate buffered saline at 37°C.
[0018] Figure 2 shows a line graph of a comparison of percent swelling versus time of representative formulations of
the disclosed biomaterials and a commercially available biomaterial when stored in phosphate buffered saline at 50°C.
[0019] Figure 3 shows the influence of buffer on gelation time for composition 10 prepared with TEA-buffer at pH 7.4,
8 and 8.5.
[0020] Figure 4 shows the influence of buffer on gelation time for composition 13 prepared with a borate buffer at pH
9.13, 9.32 and 9.47.

Detailed Description of the Invention

Definitions

[0021] "Biocompatibility" or "biocompatible", as generally used herein, refers to the ability of a material to perform with
an appropriate host response in a specific application. In the broadest sense, this means a lack of adverse effects to
the body in a way that would outweigh the benefit of the material and/or treatment to the patient.
[0022] "Biomaterial" or "composition", as generally used herein, refers to a material intended to interface with biological
systems to preferably evaluate, treat, or seal, any tissue, organ or function of the body. Biomaterial refers to the complete
material (precursor molecules plus all additives, base or solvents and bioactive agents, if any) at and after having reached
and passed its gel-point. Composition refers to the complete material before having reached its gel-point.
[0023] "Concentration of precursor components" as used herein refers to mass percent, being defined as the mass
of the solute in grams multiplied by 100 divided by the mass of the overall solution in grams , (i.e. sum of solvent and
solute): mass % = mass of solute (100) / mass of total solution.
[0024] "Conjugated unsaturated bond" can refer both to alternation of carbon-carbon, carbon-heteroatom or heter-
oatom-heteroatom multiple bonds with single bonds. Double bonds spaced by a CH or CH2 unit are referred to as
"homoconjugated double bonds".
[0025] "Cross-linking" as generally used herein means the formation of covalent linkages.
[0026] "Crosslink density" as used herein means the average molecular weight between two crosslinks (Mc) of the
respective molecules.
[0027] "Electrophilic group" as used herein, refers to functional groups which are capable of accepting an electron
pair from a nucleophile in a polar-bond forming reaction. The terms electrophile and electrophilic groups are used
synonymously.
[0028] "Functionality" as generally used herein means the number of reactive sites on a precursor molecule.
[0029] "Reactive sites" refer to nucleophilic and electrophilic groups that are able to react with each other at least, but
not exclusively, under conditions in the human or animal body.
[0030] "Gel" refers to the state of matter between liquid and solid. As such, "a gel" has some of the properties of a
liquid (i.e. the shape is resilient and deformable) and some of the properties of a solid (i.e. the shape is discrete enough
to maintain three dimensions on a two dimensional surface).
[0031] "Gel point" as used herein refers to the point where the viscous modulus and elastic modulus cross each other
and viscosity increases. Thus, the gel point is the stage at which a liquid begins to take on the semisolid characteristics
of a gel.
[0032] "In situ formation" as generally used herein refers to the ability of mixtures of precursor molecules which are
substantially not crosslinked prior to and at the time of injection to form covalent with each other at a physiological
temperature at the site of injection in the body.
[0033] "Molecular weight" as used herein refers to the weight average molecular weight of a number of molecules in
any given sample, as commonly used in the art. Thus, a sample of PEG 5,000 might contain a statistical mixture of
polymer molecules ranging in weight from, for example, 4,000 to 6,000 daltons (D) with one molecule differing slightly
from the next over a range. Specification of a range of molecular weights indicates that the average molecular weight
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may be any value between the limits specified, and may include single molecules outside those limits. Thus, a molecular
weight range of about 2,000 D to about 20,000 D indicates an average molecular weight of at least about 2,000 D,
ranging up to about 20 kD.
[0034] "Multifunctional" as generally used herein means more than one functional group per precursor molecule.
[0035] "Nucleophilic group" as generally used herein refers to functional groups which are capable of donating an
electron pair to an electrophile in a polar-bond forming reaction. Preferably the nucleophile is more nucleophile than
H2O at physiological pH. An example of a strong nucleophile is a thiol and refers to molecules which contain these
functional groups. The terms nucleophile and nucleophilic group are used synonymously.
[0036] "Oligomer and polymers" are used in the usual sense of the terms. An oligomer is a low-molecular weight
polymer. Oligomers typically contain between two and ten monomer units. As used herein, polymers typically contain
more than 10 monomeric units.
[0037] "Poly(ethylene glycol) based polymer" refers to a polymer wherein the polymeric chain or chains of the polymer
are predominantly, preferably completely constituted of poly(ethylene glycol).
[0038] "Physiological" as used herein means conditions as they can be found in living vertebrates. In particular, phys-
iological conditions refer to the conditions in the human body such as temperature, pH, etc. Physiological temperature
means in particular a temperature range of between 35°C to 42°C, preferably around 37°C at atmospheric pressure.
[0039] "Polymeric network" as used herein refers to the product of a process in which substantially all of the monomers,
oligomers, or polymers used as precursor molecules are bound by intermolecular linkages, preferably covalent ones,
through their available functional groups to form a macromolecule.
[0040] "Precursor molecules" as used herein refers to molecules forming the polymeric network of the biomaterial.
Other than the polymeric network the biomaterial can contain additives and biological active agents. Precursor molecules
can be selected from functionalized monomers, oligomers and polymers.
[0041] "Respective counterpart" as used herein means the reaction partner of a given precursor molecule. The re-
spective counterpart to the electrophilic group is the nucleophilic group and vice versa.
[0042] "Self selective reaction" as generally used herein means that the first precursor molecule of the composition
reacts much faster with the second precursor molecule of the composition and vice versa than with other compounds
present both in the composition and/or at the site of the reaction. As used herein, the nucleophilic group of the first
precursor molecule preferentially binds to an electrophilic group of the second precursor molecule rather than to other
biological compounds, and an electrophilic group of the second precursor molecule preferentially binds to the nucleophilic
group of the first precursor molecule rather than to other biological compounds.
[0043] "Swelling" as used herein refers to the water uptake of the biomaterials of the present invention. This is a
function of the biomaterial mass increase at the equilibrium swelling, typically after placing the biomaterial in an excess
of PBS buffer (10 mM phosphate buffered saline, e.g. P3813-powder from Sigma yields a buffer of 0.01 M phosphate,
0.0027 M potassium chloride and 0.138 M sodium chloride, pH 7.4). Typically the equilibrium swelling is reached within
2 days and is defined as the time when the biomaterial has reached its maximum mass before the biomaterial degrades.
Swelling is measured by dividing the mass of the biomaterial at the equilibrium swelling by the initial mass of the
biomaterial 10 min after the crosslinking reaction. The terms "water-uptake" and "swelling" are used synonymously
throughout this application.
[0044] "Cohesive strength" refers to the ability of the biomaterials of the present invention to remain intact, i.e. not
rupture, tear or crack, when subjected to physical stresses or environmental conditions. "Cohesive strength" and "burst
strength" are used synonymously throughout this application.
[0045] "Adhesive strength" refers to the ability of the biomaterials of the present invention to be able to remain attached
to the tissues at the site of administration when subjected to physical stresses or environmental conditions.

Compositions

[0046] A composition for the manufacture of an in situ crosslinkable biomaterial which can be preferably used to
reduce, prevent or contain fluid loss in the human body is provided. The composition contains at least a first and a
second multifunctional precursor molecule. Optionally additives, colorants and/or biologically active agents may be
added to the precursor molecules to form the composition. The composition comprises precursor molecules plus any
additive and/ or biological active agent and the precursor molecules can polymerize in situ at the site of need in the body
to form the polymeric network of the biomaterial. The structure of the precursor molecules is selected based on the type
of biomaterial that is desired.

A. Precursors

[0047] The first precursor molecule contains at least two nucleophilic groups, and the second precursor molecule
contains at least two electrophilic groups. The first and second precursor molecules are selected such that the nucleophilic
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and electrophilic groups are capable of forming covalent linkages with each other under physiological conditions or under
basic conditions. This can be achieved by different reaction mechanisms. One reaction mechanism is a nucleophilic
substitution reaction. In another embodiment, the precursor molecules form covalent linkages via a Michael addition
reaction between nucleophilic groups or moieties on the first precursor molecule and conjugated unsaturated groups or
moieties on the second precursor molecule. The Michael addition reaction involves the reaction of a nucleophile, such
as a thiol, amine, or hydroxyl group, with a conjugated unsaturated moiety, such as an α,β-unsaturated carbonyl-con-
taining moiety.
[0048] Examples of precursor molecules include, but are not limited to, polyether derivatives, such as polyoxyalkylenes
or derivatives thereof, peptides, and polypeptides, poly(vinyl pyrrolidinone) ("PVP"), and poly(amino acids). Preferred
polyoxyalkylenes derivatives are polyethylene glycol ("PEG"), polypropylene oxide ("PPO"), polyethylene oxide ("PEO"),
polyethylene oxide-co-polypropylene oxide ("PEO-PPO"), co-polyethylene oxide block or random copolymers, poloxam-
ers, meroxapols, poloxamines and polyvinyl alcohol ("PVA"). Block copolymers or homopolymers (when A=B) may be
linear (AB, ABA, ABABA or ABCBA type), star (AnB or BAnC, where B is at least n-valent, and n is 3 to 6) or branched
(multiple As depending from one B). Preferred precursor molecules are selected from PEGs and PEO-PPO block
copolymers. Most preferred PEGs and PEO-PPO block copolymers are applied in combination with each other. Preferred
the first precursor molecule is a poly(ethylene glycol) based polymer having x nucleophilic groups selected from the
group consisting of thiol or amino groups, wherein x is greater than or equal to 2. Preferably, the second precursor
molecule is a multi arm poly(ethylene oxide-polypropylene oxide) (PEO-PPO) block copolymer of the general formula (I):

 A-[(C3H6O)n-(C2H4O)m-B]i (Formula I)

wherein m and n are integers from 1 to 200
i is greater than 2, preferably 3, 4, 5, 6, 7 or 8
A is a branch point
B is a conjugated unsaturated group.
[0049] The precursor molecules are multifunctional monomers, oligomers and/or polymers. Preferably the molecular
weight of the first precursor molecule is in a range of between 2 to 20 kD, more preferably of between 3 and 11kD, most
preferably of between 5 and 10kD. The preferred molecular weight of the second precursor molecule is preferably
between 10 and 25kD, more preferably between 12 and 20kD, most preferably between 14 and 18kD.
[0050] Preferably, the branch point A of the second precursor molecule is selected from the group consisting of carbon,
glycerol, pentaerythritol, dipentaerythritol and ethylene diamine. In one embodiment, the biomaterial is formed from a
multiarm arm poly(ethylene oxide-polypropylene oxide) (PEO-PPO) block copolymer of formula I wherein A is an ethylene
diamine nolecule (i.e. that i equals 4) and B is and acrylate group (Tetronic®-tetraacrylate). Four-arm poly(ethylene
oxide-polypropylene oxide) (PEO-PPO) block copolymer with an ethylene diamine core molecule are sold by BASF
under the tradename Tetronic ®. In a further embodiment, the compositions comprises a Tetronic® tetraacrylate having
a molecular weight of about 15 kD (Tetronic® 1107) and a PEG tetrathiol with a molecular weight of about 10 kD. In
another embodiment, the biomaterial is formed from a Tetronic® tetraacrylate having a molecular weight of about 15
kD and a PEG tetrathiol having a molecular weight of about 5 kD. In another preferred embodiment the biomaterial is
formed from a Tetronic® tetraacrylate having a molecular weight of about 15 kD and a linear endfunctionalized PEG-
dithiol of a molecular weight of about 3.4 kD. In still another embodiment the Tetronic® tetraacrylate is crosslinked with
dithiothreitol (DTT). Mechanical characteristics of the biomaterial (i.e. cohesive strength and adhesive strength, swelling
and gelation time) are influenced by the number of arms of the precursor molecules and by the length of these arms. A
high number of arms on each precursor molecules will result in a denser crosslinked network having a higher cohesive
strength. However, the resorption of the resulting biomaterial will be longer. The chain length of the first precursor
molecule has an influence on the swelling of the resulting biomaterial. Longer chains of poly(ethylene glycol) will provide
a more swellable biomaterial.
[0051] Preferably the precursor molecules are symmetrical, which means the branches have the same molecular
weight and structure.
[0052] The sum of the functionality of the first and second precursor molecule is greater than or equal to five. In one
embodiment, the first precursor molecule has a functionality of four, and the second precursor molecule a functionality
of three. In another embodiment, the first precursor molecule has a functionality of two, and the second precursor
molecule a functionality of four. In still another embodiment one of the precursor molecules has a functionality of eight
and the other of four. In still another embodiment, both precursor molecules have a functionality of four or more. A small
and compact precursor molecule will form a polymeric network with greater strength than an extended precursor molecule,
although the functionality and reaction partner might be the same for both molecules.
[0053] As a general guideline, the ratio of the first and second precursor components is selected such that the majority
of the functional groups of both components react with the respective counterparts. The ratio of functional groups of the
first and second precursor molecules (i.e. the ratio of electrophilic groups to nucleophilic groups is in the range of between
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0.7 and 1.2, more preferably between 0.8 and 1.1 and most preferably 1 (i.e., stoichiometric ratio).

a. Nucleophilic groups

[0054] The nucleophilic groups of the first precursor component are able to react with electrophilic groups, such as
conjugated unsaturated groups in a variety of reaction mechanisms, preferably self selectively in the human body,
through a nucleophilic substitution or Michael type addition reaction . The nucleophiles that are useful are those that are
preferably reactive towards conjugated unsaturated groups via addition reactions, in particular in a self-selective Michael-
type addition reaction under conditions in the human or animal body. The reactivity of the nucleophile depends on the
identity of the unsaturated group. The identity of the unsaturated group is first limited by its reaction with water at
physiologic pH. Thus, the useful nucleophiles are generally more nucleophilic than water at physiologic pH. Suitable
nucleophiles include, but are not limited to, -SH, -NH2, -OH, -PH2, and -CO-NH-NH2
[0055] The usefulness of particular nucleophiles depends upon the situation envisioned and the amount of self-selec-
tivity desired. In the preferred embodiment, the nucleophile is a thiol. However, amines and/or hydroxyl groups may also
be effective nucleophiles.
[0056] Particular attention is paid to the pH, in that the deprotonated amine or thiol is a much stronger nucleophile
than the protonated amine or thiol. As such, if particular attention is paid to the pK of an amine or thiol used as the strong
nucleophile, substantial self-selectivity can be obtained. Reaction conditions where the pH of the solution is near the pK
of the amines or thiols of the precursor molecules favor reaction of the conjugated unsaturated group with the amine or
thiol provided, rather than with other nucleophiles present in the system.
[0057] The nucleophilic groups may be contained in molecules with great flexibility in overall structure. For example,
a difunctional nucleophile could be presented in the form ofNuc-P-Nuc, where P indicates a monomer, oligomer or
polymer and Nuc refers to the nucleophile. Likewise, a branched polymer, P, could be derivatized with a number of
nucleophiles to create P-(Nuc)i., where I is greater than 1. The nucleophile could be part of the repeating structure, e.g.
(P-Nuc)i. Clearly, not all of the P or the nucleophiles in such a structure need to be identical.
[0058] Polyethylene glycols and derivatives thereof can be chemically modified to contain multiple primary amino or
thiol groups according to methods set forth, for example, in Chapter 22 of POLY(ETHYLENE GLYCOL) CHEMISTRY:
BIOTECHNICAL AND BIOMEDICAL APPLICATIONS, J. Milton Harris, ed., Plenum Press, NY (1992). In a most preferred
embodiment the thiol present at the ends of the first precursor molecule is introduced on the PEG based polymers by
substituting the terminal hydroxyl groups by a thiol group (SH). The precursor molecule thus obtained reacts faster with
the second precursor molecule than a precursor molecule wherein the thiol group is introduced through a mercaptopro-
pionate group.
[0059] Various forms of multi-amino PEG are commercially available from Nektar Therapeutics, Inc. of San Carlos,
Calif. (through its acquisition of Shearwater Polymers of Huntsville, Ala.), and from Texaco Chemical Company of
Houston, Tex. under the name "Jeffamine." Multi-amino PEGs useful in the present invention include Texaco’s Jeffamine
diamines ("D" series) and triamines ("T" series), which contain two and three primary amino groups per molecule,
respectively. Polyamines such as ethylenediamine (H2N—CH2CH2—NH2), tetramethylenediamine (H2N—
(CH2)4—NH2), pentamethylenediamine (cadaverine) (H2N— (CH2)5—NH2), hexamethylenediamine (H2N—
(CH2)6—NH2), bis(2-hydroxyethyl)amine (HN—(CH2CH2OH)2), bis(2-aminoethyl)amine (HN—(CH2CH2NH2)2), and tris
(2-aminoethyl)amine (N—(CH2CH2NH2)3) may also be used as the synthetic polymer containing multiple nucleophilic
groups.
[0060] Dithiothreitol (HS-CH2-CHOH-CHOH-CH2-SH) may also be used as the synthetic polymer containing multiple
nucleophilic groups.

Preferred first precursor molecules

[0061] In a preferred embodiment, the first precursor molecule is a PEG tetra thiol according to formula II:
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where n is in the range of between 25 and 60.

b. Electrophilic groups

[0062] The electrophilic groups of the second precursor molecule are preferably conjugated unsaturated groups.
Structures of P and the conjugated unsaturated groups may be similar to those described above for the nucleophiles.
It is only necessary that one electrophilic precursor contain greater than or equal to two such electrophilic groups. In
one embodiment, the electrophilic groups are conjugated unsaturated groups.
[0063] It is possible to perform nucleophilic addition reactions, in particular Michael addition reactions, on a wide variety
of conjugated unsaturated compounds. In the structures shown below, a monomeric, oligomeric or polymeric structure
is indicated as P. Various preferred possibilities for the specific identity ofP are discussed further herein. P can be coupled
to reactive conjugated unsaturated groups, including but not limited to, those structures numbered 1 to 20 in Table 1.

Table 1: Molecular structures containing P and conjugated unsaturated groups

X = H, CH3, CN, COOW
R = H, W, Phenyl- (Ph)
Y = NH, O, 1,4-Ph

W = C1 - C5 aliphatic 
chain

A, B = H, alkyl
R = H, alkyl

Y = O, NH, 1,4-Ph

X = CN, COOW
Y = OW, Ph

W = C1 - C5 aliphatic 
chain

X=N,CH
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(continued)

Table 1: Molecular structures containing P and conjugated unsaturated groups

A:
X = CH; Y = CH; R = H, W-P (W 

= NH, O, nihil)
B:

X = N; Y=N;R=H,P
C:
X-Y = C=C; R = W-P (W = NH, 

O, nihil)

X, Y = H, P
P, P
P, H

P, aliphatic chain
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[0064] Reactive double bonds can be conjugated to one or more carbonyl groups in a linear ketone, ester or amide
structure (1a, 1b, 2) or to two in a ring system, as in a maleic or paraquinoid derivatives (3, 4, 5, 6, 7, 8, 9, 10). In the
latter case, the ring can be fused to give a naphthoquinone (6, 7, 10) or a 4,7-benzimidazoledione (8) and the carbonyl

(continued)

Table 1: Molecular structures containing P and conjugated unsaturated groups

Y = O, NH

X = alkali or earth alkali 
metal ion, P
W = P, 1,4-Ph-P

X = halogen, sulphonate

Y = O, NH
X = alkali or alkali earth metal ion, P
W = P, 1,4-Ph-P
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groups can be converted to an oxime (9, 10). The double bond can be conjugated to a heteroatom-heteroatom double
bond, such as a sulfone (11), a sulfoxide (12), a sulfonate or a sulfonamide (13), or a phosphonate or phos-phonamide
(14). Finally, the double bond can be conjugated to an electron-poor aromatic system, such as a 4-vinylpirydinium ion
(15). Triple bonds can be used in conjugation with carbonyl or heteroatom-based multiple bonds (16, 17, 18, 19, 20).
[0065] Structures such as 1a, 1b and 2 are based on the conjugation of a carbon-carbon double bond with one or two
electron-withdrawing groups. One of them is always a carbonyl, increasing the reactivity passing from an amide, to an
ester, and then to a phenone structure. The nucleophilic addition is easier upon decreasing the steric hindrance, or
increasing the electron-withdrawing power in the alpha-position. For example, the following relationship exists,
CH3<H<COOW<CN, where CH3 has the least electron-withdrawing power and CN has the most electron-withdrawing
power.
[0066] The higher reactivity obtained by using the last two structures can be modulated by varying the bulkiness of
the substituents in the beta-position, where the nucleophilic attack takes place; the reactivity decreases in the order
P<W<Ph<H. Thus, the position of P can be used to tune the reactivity towards nucleophiles. This family of compounds
includes some compounds for which a great deal is known about their toxicology and use in medicine. For example,
water-soluble polymers with acrylates and methacrylates on their termini are polymerized (by free radical mechanisms)
in vivo. Thus, acrylate and methacrylate-containing polymers have been used in the body in clinical products, but with
a dramatically different chemical reaction scheme.
[0067] The structures 3-10 exhibit very high reactivity towards nucleophiles, due both to the cis configuration of the
double bond and the presence of two electron-withdrawing groups. Unsaturated ketones react faster than amides or
imides, due to the stronger electronegativity of these carbonyl groups. Thus, cyclopentendione derivatives react faster
than maleimidic ones (3), and para-quinones react faster than maleic hydrazides (4) and cyclohexanones, due to more
extended conjugation. The highest reactivity is shown by naphthoquinones (7). P can be placed in positions where it
does not reduce the reactivity of the unsaturated group, that is in the opposite part of the ring (3, 5), on another ring (7,
8) or O-linked through a para-quinone mono-oxime (9, 10). To decrease the rate of the nucleophilic addition reaction,
P can be also linked to the reactive double bond (6, 8).
[0068] The activation of double bonds to nucleophilic addition can be obtained by using heteroatom-based electron-
withdrawing groups. In fact, heteroatom-containing analogues of ketones (11, 12), esters and amides (13, 14) provide
similar electron-withdrawing behavior. The reactivity towards nucleophilic addition increases with electronegativity of
the group. Thus the structures have the following relationship, 11>12>13>14, where 11 is the most electronegative and
14 is the least electronegative. The reactivity towards nucleophilic addition is also enhanced by the linkage with an
aromatic ring. A strong activation of double bonds can also be obtained, using electron-withdrawing groups based on
aromatic rings. Any aromatic structure containing a pyridinium-like cation (e.g., derivatives of quinoline, imidazole, pyra-
zine, pyrimidine, pyridaz-ine, and similar sp2-nitrogen containing compounds) strongly polarizes the double bond and
makes possible quick Michael-type additions.
[0069] Carbon-carbon triple bonds conjugated with carbon- or heteroatom-based electron-withdrawing groups, can
easily react with sulfur nucleophiles, to give products from simple and double addition. The reactivity is influenced by
the substituents, in a manner similar to double bond-containing analogous compounds discussed above. In a preferred
embodiment, the electrophilic groups are acrylate groups.

Preferred second precursor molecules

[0070] In the preferred embodiment, the second precursor molecule is a monomer, oligomer or polymer that contains
acrylates. In particular, the second precursor is a compound according to Formula Ia, as a specific embodiment of
Formula I:
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where n and m are integers from 1 to 200.
[0071] Preferably, n is in a range of between 18 to 22 and m is in a range of between 58 to 62.
Tetronic® is a tetrafunctional block copolymer based on polyethylene oxide and polypropylene oxide available from
BASF. Tetronic® block copolymers can be functionalized with conjugated unsaturated groups, such as acrylate groups,
by reacting the free hydroxyl groups on the polymer with an excess of acryloyl chloride in the presence of a base. Other
electrophilic group can be added in a similar manner.

c. Additives

[0072] The composition may further contain organic and/or inorganic additives, such as thixotropic agents, radiopaque
agent and/or fluorescent agents in order to track the performance of application or to instantaneously detect potential
leakage if not readily visible, stabilizers for stabilization of the precursor molecules in order to avoid premature polym-
erization and/or fillers which can result in an increase in the mechanical properties (e.g., ultimate compressive strength
and Young’s modulus E) of the biomaterial compared to the mechanical properties of the polymeric network. Examples
of stabilizing agents include radical scavengers, such as butylated hydroxytoluene or dithiothreitol. Depending on the
application, the composition (and thus biomaterial) may contain a colorant, preferably an organic color, such as a dye.
In one embodiment methylene blue is added as a colorant. Methylene blue not only acts as a colorant but can also act
as a stabilizer to the acrylate containing precursor molecules by acting as a reducing agent. It can also act as an indicator
for disulfide formation (since it becomes colorless upon reduction). In another embodiment, fast green is added as a
colorant. Another preferred colorant is lissamin green. Lissamin green and fast green are colorants which have the ability
to change color due to the pH of the solution. They are green under acidic conditions and blue in basic conditions.
Therefore, these two colorants have the additional advantage to indicate the good mixing of the precursor molecule
solutions with the basic solution.

d. Bases

[0073] The in situ crosslinking of the first and the second precursor molecules takes place under basic conditions. A
variety of bases, comply with the requirements of catalyzing the reaction under physiological conditions and of not being
detrimental to the patient’s body, thus acting as activators in the formation of the biomaterial Suitable bases include, but
are not limited to, tertiary alkyl-amines, such as tributylamine, triethylamine, ethyldiisopropylamine, or N,N-dimethyl-
butylamine. For a given composition (and mainly dependent on the type of precursor molecules), the gelation time is
dependant on the type of base and of the pH of the solution. Thus, the gelation time of the composition can be controlled
and adjusted to the desired application by varying the pH of the basic solution. Increasing the pH of the basic solution
will decrease the gelation time, but also will increase the degradation time of the biomaterial. Therefore, a compromise
between gelation time and degradation has to be obtained. In a preferred embodiment the base, as the activator of the
covalent crosslinking reaction, is selected from aqueous buffer solutions which have their pH and pK value in the same
range. The pK range is preferably between 9 and 13. If the base has two pK values in the basic range, the first one is
preferably between 8.5 and 10 and the second one is between 10 and 13. Suitable buffers include, but are not limited
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to, sodium carbonate, sodium borate and glycine. In one embodiment, the preferred base is sodium carbonate. Preferably
the basic solution has a pH in a range of between 9 to 14, more preferably in a range of between 10 to 13 and even
more preferably in a range of between 10 to 12.

e. Bioactive agents

[0074] The biomaterial may also contain bioactive factors, like small molecules or peptides proteins which can diffuse
slowly from the biomaterial and thus helping the tissue to regenerate and heal. In such cases, the biomaterial works as
both a tissue sealant with additional tissue regenerative properties and as a drug delivery matrix. The bioactive factors
and/or small molecules can simply be mixed into the biomaterial or can be covalently bound to the biomaterial by
incorporating a free thiol group into the molecule and released by hydrolytic or enzymatic degradation. The bioactive
factors may be growth factors, preferably those from the TGF beta superfamily and PDGF.

II. Biomaterials

[0075] As mentioned above, the requirements of biomaterials, and thus the choice of the precursor molecules, are
dependent on the purpose and site of application in the body. In a preferred embodiment, the biomaterial forms a coating,
a barrier or seal that prevents, reduces, or contains fluid loss. Fluid loss includes, but is not limited to the loss of any
biological fluid or gas such as blood loss, cerebral spinal fluid loss or gas loss from lungs. The biomaterial can be applied
internally or externally to the body. For this purpose, the biomaterial should have good adhesive and cohesive strength,
an adaptable rapid gelation time, a low increase in volume due to water uptake, as well as complete resorption by the
body over time. Whereas the mechanical stability of the biomaterial is essentially dependent on the crosslink density of
the polymeric network, the water uptake by the biomaterial is influenced by interplay of the crosslink density, and the
hydrophobicity of the polymeric network. Crosslink density and hydrophobic nature of the biomaterial are to a major
extent determined by the structure and ratio of the precursor components. Therefore, water-uptake and mechanical
performance of the biomaterial can be controlled and influenced by the appropriate choice of the precursor components.

Characteristics of Biomaterials

[0076] In one embodiment, the biomaterial is used to seal the dura mater of the brain or spine after it has been cut or
injured to prevent or reduce leakage of cerebrospinal fluid into the external environment following surgical intervention.
The sealing can be done as a suture adjunct or if the damage to the dura mater is not too large. The biomaterial can be
used as the only closure means to effect the non-surgical attachment of a first surface and a second surface. In the most
preferred application, the composition is used as a suture adjunct to sutured dural repair after cranial surgery. One factor
which influences the reaction time to form the biomaterial for use as a dural sealant (referred to as "sealant") is the pH
of the composition at the time of crosslinking. The precursor molecules are dissolved in an aqueous buffer solution with
a pH between 2 and 7.5, more preferably between 4 and 5. In a preferred embodiment sodium acetate with a pK of 4.76,
sodium phosphate with a pK1 of 2.15 and a pK2 of 7.2 or hydrochloric acid (HCl) are employed to prepared the buffered
solutions or to adjust the pH of the precursor molecule solutions. After or during mixture of the precursor molecules (and
any additives and/or biologically active agents) a base has to catalyze the reaction as an activator. Preferably a basic
solution is used as an activator having at least one of its pK values in a range of between 9 and 13. Most preferred are
sodium carbonate with a pK2 of 10.33 or sodium borate with pK1 of 9.23 and pK2 of 12.74. Additionally sodium borate
has antiseptic properties and is also for this reason advantageously used for applications to wounds. In another embod-
iment glycine can be used as activator with a pK2 of 9.78. Preferably, the composition at the time of crosslinking has a
pH in a range of between 9 to 13, more preferably in a range of between 9.5 to 11.5, even more preferably in a range
of between 9.8 to 11 and even more preferably in a range of between 10.3 to 10.6.
[0077] The composition used as a dural sealant has to have a very quick crosslinking time in order that it stays in
place and immediately prevents leakage. Preferably the composition crosslinks in less than two minutes, even more
preferably less than one minute and most preferably between 5 to 20 seconds and even more preferably between 1 and
5 seconds.
[0078] The swelling of the biomaterial should be limited since swelling might result in pressure on tissues resulting in
nerve compression or ischemia. As defined herein before, the swelling of the sealant should not exceed 1.5 and preferably
is less than 1, more preferably less than 0.5. Most preferred is the swelling which results in a value in a range of between
0.1 to 1.5, more preferable in a range of between 0.1 to 1 and even more preferably 0.1 to 0.8. In a preferred embodiment
at least one of the precursor molecules has as the backbone a molecule more hydrophobic than polyethylene glycol.
For example, in one embodiment, the first precursor molecule has a PEG backbone in combination with a PEO/PPO
block copolymer as the backbone of the second precursor molecule. Preferably both of the precursor molecules have
a number of end-functionalized arms of three or more. Most preferably both precursor molecules contain four end-
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functionalized arms. Preferably the first precursor molecule is a PEG tetrathiol (Formula II) having a molecular weight
between 4kD and 11kD more preferably between 5kD and 10kD. The second precursor component preferably is a
Tetronic® tetraacrylate (Formula I) having a molecular weight in between 10kD and 20kD, more preferably of about
15kD. In particular good properties of a sealant material could be achieved by combining a 5kD or 10kD PEG tetrathiol
with a Tetronic® tetraacrylate. The concentration of the second precursor molecule (the electrophilic precursor) forming
the biomaterial is in a range of between 8 % to 18 % w/w , more preferably between 10% to 16%w/w and most preferably
between 12% and 14% w/w. The concentration of the first precursor molecule (nucleophilic precursor molecule) is
calculated and adjusted according to the desired ratio of functional groups between first and second precursor molecules.
The concentration ranges of the precursor molecules have also a significant impact on swelling, gelation and resorption
time of the biomaterial and for this reason the optimal range is of importance for the ultimate properties as a sealant.
Starting with a low concentration of the precursor molecules will increase the gelation time but will result in a biomaterial
that will swell to a lower extent. In a further embodiment, the biomaterial degrades in vivo in less than 12 weeks.

III. Methods of forming biomaterials

A. Storage

[0079] The first and second precursor molecules are preferably stored in solution under exclusion of oxygen and at
low temperatures, e.g. around +4°C, to avoid decomposition of the functional groups prior to use. The precursor molecules
can be stored as a dry powder or as a solution in a buffer. In one embodiment, the two precursor molecules are stored
as a solution in an acidic sodium acetate buffer. In another embodiment the first precursor molecule is stored as a dry
powder and the second precursor molecule is stored in a solution having an acidic pH.

B. Preparation of composition for tissue sealant

[0080] A composition forming a biomaterial, in particular a tissue sealant may be prepared by the following general
method:

a) providing at least one first multifunctional precursor molecule comprising at least two nucleophilic groups, pref-
erably four nucleophilic groups, which optionally comprises additives and/or biologically active agents;
b) providing at least one second multifunctional precursor molecule comprising at least two electrophilic groups,
preferably four electrophilic groups capable of forming covalent linkage with the nucleophilic groups of step a) under
physiological conditions, which optionally comprises additives and or biologically active agents;
c) dissolving the precursor molecules of step a) and b) in a buffer solution, preferably having an acidic pH;
d) mixing the precursor molecule solutions obtained in step c); and
e) adding an basic solution during step d) or thereafter, preferably an aqueous buffer solution with a pH value in
between 9 and 13 to initialize the crosslinking reaction between the first and second precursor molecule solutions.

[0081] In a preferred embodiment, a method for making a biomaterial comprises the steps of:

i) Providing a first precursor molecule which is a poly(ethylene glycol) based polymer having x terminal thiol groups,
wherein x is equal to 2 or greater than 2, preferably 3, 4, 5, 6, 7 or 8;
ii) providing a second precursor molecule of the general formula:

 A-[(C3H6O)n-(C2H4O)m-B]i

wherein m and n are integers from 1 to 200;
i is greater than 2, preferably 3, 4, 5, 6, 7 or 8;
A is selected from the group consisting of carbon, glycerol, pentaerythritol, dipentaerythritol and ethylene diamine;
B is a conjugated unsaturated group;
iii) reacting precursor molecules of steps i) and ii) in the presence of a base to form a crosslinked three dimensional
network.

[0082] When the first and second precursor molecules are mixed crosslinking occurs with a slow rate (from 10 minutes
to hours) if the pH of the solution is acidic. In order to avoid the mixture to reach the gelation point before administration
and to form the biomaterial in a rapid predefined time it is therefore needed to store the precursor molecules in solution
with an acidic pH. Preferably, the pH of the solution in a range of between 2 to 6 and more preferably in a range between
2.5 to 5.5. Preferred acidic solution are obtained with an acetate buffer or a hydrochloric acid solution.
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[0083] In one preferred embodiment, the first and second precursor molecules are dissolved in a buffer solution having
an acidic pH. In another preferred embodiment, the first precursor molecule is a dry powder, the second precursor
molecule is dissolved in a buffer solution having an acidic pH and the two precursor molecules are mixed prior to be in
contact with the base. The first and second precursor molecule and any additives and/or biologically active agents, if
present, can optionally be sterilized prior to mixing. This preferably is done by sterile filtration of the precursor components
and any soluble other component and by gamma irradiation of water insoluble components. The precursor molecules
obtained in steps a), b) and/or the mixture obtained in step d) can be stored over a prolonged time, preferably at low
temperatures. Prior to application, the precursor molecules (and other components, if present) are mixed with one another
and secondly with a basic solution as activator. Upon introduction of the basic solution, the composition rapidly gels.
Preferably, the composition, including the basic solution, has a pH in a range of between 9 to 13, more preferably in a
range of between 9.5 to 11.5, even more preferably in a range of between 9.8 to 11 and even more preferably in a range
of between 10.3 to 10.6 to allow gelation to occur in less than 2 minutes, preferably in less than 10 seconds and more
preferably in less than 5 seconds. There are different modes of mixing. In one embodiment, three syringes, one containing
the nucleophilic precursor, another containing the electrophilic precursor, and the third containing the basic solution,
can be interconnected using a three-way connector device. The contents of the syringes are mixed by being squeezed
through a static mixture at the outlet of the three way connector device. The composition is injected directly at a site in
need of treatment in the body by connecting the static mixer to an injection needle. In a second embodiment, one of the
precursor molecule solutions is mixed with the basic solution. This is preferably done by connecting the syringe containing
the basic solution to the syringe preferably containing the electrophilic precursor (optionally also containing additives
and/or biological active agents) through a connector device, which allows for syringe-to-syringe mixing of the respective
contents. A static mixer may be part of the connector device. The mixing is complete when homogenous mixing is
achieved. After mixing, one syringe contains a mixture of the base/ precursor molecule and the other syringe is empty.
Then, the empty syringe is removed from the connector device and replaced by the syringe containing the other precursor
molecule optionally also containing additives and/or biological active agents. Again, syringe-to-syringe mixing is one
way to achieve homogeneous mixing of both contents. Subsequently the syringe containing the mixture is connected
to the injection needle and the composition is injected at the site of need in the body.
[0084] Alternatively, the syringe containing the base/ precursor mixture and the syringe containing the other precursor
are interconnected through a two-way connector device comprising a static mixer at its outlet. The two-way connector
device can be a double compartment syringe. The contents are mixed by squeezing the contents of the syringes through
the static mixer. The static mixture is either directly connected to the injection needle or the mixture is squeezed in a
further syringe, which then is connected to the injection needle.
[0085] In a preferred embodiment, the first and second precursor molecule solutions, preferably first and second
precursor molecules dissolved in a sodium acetate buffer, are mixed (together with any additives or biologically active
agents, if needed) and then sprayed together with an activator, a basic solution, onto the tissue.

IV. Kits for forming in situ Crosslinkable Compositions

[0086] The kits of the present invention are sets of parts used for forming the biomaterials of the present invention.
The kit contains at least a first and a second precursor component. The kit may also contain one or more devices, such
as syringes or dual compartment syringes, for administering the first and second precursor molecules plus any additives
and/or biologically active agents. The kit may also contain containers to store the precursor molecules and the basic
solution. The kits also contain needle-free devices to transfer the contents of the containers into each other or to transfer
the contents of the containers into a dual compartment syringe. Optionally, the kit also contains a basic solution. Preferably,
the base is stored in a third container. Optionally, the first and/or the second precursor molecules contain one or more
additives and/or biologically active agents. The precursor molecules may be placed in the one or more devices prior to
administration to a patient. The kit can also include a dye, for example methylene blue, lissamin green or fast green,
that can be added to the biomaterial to facilitate visualizing the biomaterial. In a preferred embodiment and particular
suitable for application of biomaterials, the precursor molecule solutions are stored in one of the compartments of a dual
compartment device and the basic solution is stored in the second compartment of the same device. The outlet of the
device contains a spraying nozzle which optionally can be combined with a static mixer to optimize the mixing of the
basic solution with the precursor molecule solutions. The precursor molecule solutions (plus any additives or biological
active agents if necessary) can be contained in the compartment premixed or the precursor molecules can be separated
in the compartment by a membrane which allows mixing of the molecules upon removable or destruction.
[0087] In another embodiment, the kit comprises a first container (under vacuum), which can be a glass vial, comprising
the first precursor molecule as a dry powder and a second container, which can be a glass vial, comprising the second
precursor molecule dissolved in an aqueous buffered solution having an acidic pH. Optionally, the first or second container
may comprise one or more additives selected from the group consisting of thixotropic agents and radioopaque agents
or colorant. The content of the second container is transferred into the first container via a needle-free transfer device
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(Mix2Vial® 20/20, West). Thereafter the first and second precursor molecules are mixed and dissolved in an aqueous
buffered solution having an acidic pH. A third container, which can be a glass vial, comprises the basic solution. Preferably,
a dual compartment syringe is equipped with a double filing adaptor. The two compartments of the dual syringe may
have a different volume. Preferably, the volume of the compartment receiving the mixture of the precursor molecules is
ten times higher than the volume of the compartment receiving the basic solution. The container comprising the precursor
molecules and the container comprising the base are connected to a connecting means and their contents are simulta-
neously transferred into the two compartments of the syringe by pulling on the pistons of the syringe. The connecting
means and the two containers are removed from the syringe and the syringe is equipped with a detachable spray nozzle.
The mixing of the precursor molecules solution and the basic solution occurs in the spray nozzle and the resulting intimate
mixture is sprayed at the desired site.

V. Uses for the Compositions

[0088] The multifunctional precursor components are selected and tailored to produce biomaterials with the desired
properties. The precursor molecules are capable of in situ crosslinking at physiological temperature, to specific sealant
requirements. In the preferred embodiment, the compositions and biomaterials of the present invention are used to
prevent, reduce, inhibit or contain loss of biological fluids. In another embodiment, the compositions and biomaterials
of the present invention are used for coating the surface of a tissue.

A. Tissue Sealant

[0089] In one embodiment, the compositions and biomaterials of the present invention are used as tissue sealants.
In the preferred embodiment, the in situ crosslinkable composition forms a biomaterial forming a coating, a barrier or a
sealant to reduce, inhibit, or contain fluid loss. In particular, the biomaterial may be used to inhibit, reduce, or contain
fluid loss after a medical procedure. A preferred medical procedure includes, but is not limited to brain or neurosurgical
surgery.

B. Medical indications other than tissue sealant.

[0090] The disclosed biomaterials are not limited for use in surgical procedures. The biomaterial can be used as a
wound dressing for wound on any body part. In one embodiment, the biomaterial can be used as a field dressing to
prevent or reduce blood loss resulting from trauma. In another embodiment the biomaterial can be used to reduce or
prevent post-surgical anti-adhesion.

Examples

Materials

[0091] Ethylene diamine tetrakis(poly(ethylene oxide-propylene oxide) block copolymers) (tetronic® 1107 mol. wt. 15
kD, BASF) was end-functionalized with acrylate groups to lead to ethylene diamine tetrakis((poly(ethylene oxide-pro-
pylene oxide) block copolymers)-acrylate) (tetronic-tetraacrylate, mol. wt- 15 kD) according to the method described in
Biomaterials 25 (2004) 5115-5124.

Buffer preparation

[0092] 0.3 M Triethanolamine (TEA) was prepared by dissolving 1.11 g in 25 ml of milli-Q water and adjusting the pH
by addition of 5 M hydrochloric acid.
[0093] TBS was prepared by dissolving 8 g NaCl, 0.2 g KCl and 3 g Tris base in 1 1 of MilliQ-water. The pH was
adjusted with 5 M NaOH.
[0094] Glycine Buffer: 7.5 g Glycine and 5.85 g NaCl were dissolved in 1 1 MilliQ-water. The pH was adjusted with 5
M NaOH.
[0095] Acetate buffer: A 10 mM acidic acid and a 10 mM sodium acetate buffer were prepared with MilliQ-water. The
two buffers were mixed in a ratio to obtain the desired pH.
[0096] Borate buffer: A 100 mM boric acid buffer and a 50 mM sodium tetraborate decahydrate buffer were prepared.
The two buffers were mixed in a ratio to obtain a desired pH.
[0097] Carbonate buffer: A 100 mM sodium carbonate buffer and a 100 mM sodium bicarbonate buffer were prepared
in MilliQ-water. The two solutions were mixed in a ratio to obtain the desired pH.
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Gelation test

[0098] To assess the gelation time, 50-100 ml of specified amounts of first precursor molecule solution and second
precursor molecule solution from Table 2 where pipetted into an Eppendorf tubes. For the fast gelling materials, the
drops (of equal volume) of the respective first precursor molecule solution were placed on the inner wall to prevent
premature without yet coming in contact with the second precursor solution. A timer was started simultaneously with
placing the Eppendorf ion a vortex, where the solutions wereas then mixed for exactly 5 seconds. Immediately after the
mixing, the combined solutions were probed with a needle and the "gel point" (when thin threads remained attached to
the needle after withdrawal) recorded time at which thin threads started to keep attached to the needle when it was
withdrawn from the solution was recorded as "gel point". For fast gelling formulations the status after probing at 5 seconds
was recorded (e.g. thin threads, thick threads and/or hard gel). Alternatively, mixing was performed by syringe to syringe
mixing. For this, first precursor molecule solution and second precursor molecule solution were taken up into syringes,
the syringes connected with a coupler and the solution pushed back and forward ten times. The mixture was transferred
into a weighing dish and the gel point was determined as described above by "needle-probing". After an initial gelling,
the hydrogel typically remains sticky until a major degree of cross-linking is achieved. The time the material needed to
sufficiently cross-link (loss of sticky character) was recorded as "set time" which reflects the time after which the material
can be touched without damage.

Example 1: Tissue sealant compositions

1a: Composition 1: Tetronic-tetraacrylate and PEG-SH-10

First precursor molecule solution

[0099] 235 mg of poly(ethylene glycol) tetrasulfhydryl ("PEG-SH-10") (mol. wt. 10kD) and 0.1 mg of lissamin green
are dissolved in 1 mL of 10 mM acetate buffer pH 5.

Second precursor molecule solution

[0100] 315 mg of tetronic-tetraacrylate (mol wt. 15 kD) are dissolved in 1 mL of a 10mM acetate buffer pH 5.

Basic solution

[0101] 0.22 mL of a 50 mM borate buffer pH 9.8

1b: Composition 2: Tetronic-tetraacrylate and PEG-SH-5

First precursor molecule solution

[0102] 112 mg of poly(ethylene glycol) tetrasulfhydryl ("PEG-SH-5") (mol. wt. 5 kD) and 0.1 mg of lissamin green are
dissolved in 1 mL of 10 mM acetate buffer pH 5.

Second precursor molecule solution

[0103] 315 mg of tetronic-tetraacrylate (mol wt. 15 kD) are dissolved in 1 mL of a 10mM acetate buffer pH 5.

Basic solution

[0104] 0.22 mL of a 50 mM borate buffer pH 10.4

1c: Composition 3: Tetronic-tetraacrylate and PEG-SH-5

First precursor molecule solution

[0105] 168 mg of poly(ethylene glycol) tetrasulfhydryl ("PEG-SH-5") (mol. wt. 5 kD) are dissolved in 1 mL of 10 mM
acetate buffer pH 4.9.
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Second precursor molecule solution

[0106] 472 mg of tetronic-tetraacrylate (mol wt. 15 kD) are dissolved in 2 mL of a 20mM acetate buffer pH 4.9.

Basic solution

[0107] 0.3 mL of a 250 mM carbonate buffer pH 11.0

1d: Composition 4: Tetronic-tetraacrylate and PEG-SH-5

First precursor molecule solution

[0108] 192 mg of poly(ethylene glycol) tetrasulfhydryl ("PEG-SH-5") (mol. wt. 5 kD) are dissolved in 1 mL of 5 mM
acetate buffer pH 4.9.

Second precursor molecule solution

[0109] 472 mg oftetronic-tetraacrylate (mol wt. 15 kD) are dissolved in 1 mL of a 15 mM acetate buffer pH 4.9.

Basic solution

[0110] 0.3 mL of a 250 mM carbonate buffer pH 11.0

1e: Composition 5: Tetronic-tetraacrylate and DTT

First precursor molecule solution

[0111] 2.5 mg of dithiothreitol (DTT, mol. wt. 154 g/mol) is dissolved in 500 mL of a 0.3 M triethanolamine buffer at pH 8.5.

Second precursor molecule solution

[0112] 120 mg oftetronic-tetraacrylate (mol. wt. 15 kD) is dissolved in 500 mL of a 0.3 M triethanolamine buffer at pH 8.5.
[0113] or

First precursor molecule solution

[0114] 3.15 mg of dithiothreitol is dissolved in 500 mL of a 0.3 M triethanolamine buffer at pH 8.5.

Second precursor molecule solution

[0115] 150 mg oftetronic-tetraacrylate (mol. wt. 15 kD) is dissolved in 500 mL of a 0.3 M triethanolamine buffer at pH 8.5.

1f: Composition 6: Tetronic-tetraacrylate and 2 arm PEG-SH-3.4

First precursor molecule solution

[0116] 156 mg of poly(ethylene glycol) disulfhydryl ("PEG-SH-3.4") (mol. wt. 3.4 kD) is dissolved in 1 mL of 10 mM
acetate buffer pH 5.5.

Second precursor molecule solution

[0117] 315 mg of tetronic-tetraacrylate (mol wt. 15 kD) is dissolved in 1 mL of a 10mM acetate buffer pH 5.5.

Basic solution

[0118] 0.3 mL of a 250 mM carbonate buffer pH 10.0
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1g. Composition 7: Tetronic-tetraacrylate and 8 arm PEG-SH-10

First precursor molecule solution

[0119] 161 mg of 8 arm poly(ethylene glycol) octasulfhydryl ("8 arm PEG-SH-10") (mol. wt. 5 kD) is dissolved in 1 ml
of 10 mM acetate of pH 4.9 .

Second precursor molecule

[0120] 472 mg tetronic-tetraacrylate (15 kD) is dissolved in 2 ml of 20 mM acetate of pH 4.9.

Basic solution

[0121] 0.3 mL of 0.25 M sodium carbonate buffer at pH 11.0

1h: Composition 8: Tetronic-tetraacrylate and 4 arm PEG-SH-5

[0122] 472 mg of Tetronic-tetraacrylate, 15 kD
[0123] 192 mg PEG-tetrathiol, 5 kD
[0124] 0.55 mg Hydrochloric acid
[0125] 9.5 mg Sodium carbonate
[0126] 0.15 mg Methylene blue hydrate
[0127] 3.3 g water for injection

Preparation of the kit

[0128] HCl stock solution, 5 mM were prepared by diluting 5 ml of 100 mM HCl solution in 95 ml milli-Q-water. Methylene
blue stock solution, 1 mg/ml in 5 mM HCl were prepared by dissolving 20 mg of methylene blue in 20 ml of HCl stock
solution. Buffer for tetronic-tetraacrylate reconstitution was prepared from 5 mM HCl with 0.05 mg/ml methylene blue.
It was diluted with HCl stock solution at a ratio of 1:20, pH was adjusted to be within the range 2.3-2.6. pH of the basic
solution (carbonate buffer) was adjusted to be within the range 11.35-11.45. 472 mg of tetronic-tetraacrylate was dissolved
in 3 ml cold Buffer tetronic tetraacrylate and kept on ice for 5 minutes to ease solubilization. The solution was centrifuged
for 1 minute at 3000 rpm to remove air-bubbles and pipetted into a vial containing 192 mg PEG-tetrathiol which was
dissolved by gentle shaking. After polymer reconstitution, the mixture 3 ml was transferred into the larger compartment
of a 1:10 double syringe. The smaller compartment was filled with 0.4 ml 300 mM sodium carbonate. The plunger was
inserted, air was carefully removed from the syringe and the spray nozzle attached.

1i. Preparation of DuraSeal®

[0129] DuraSeal® (Confluent Surgical Inc.) was prepared according to the instructions for use.

1j: Composition 10 Tetronic-tetraacrylate and 2 arm PEG-SH-3.4

[0130] 133 mg of poly(ethylene glycol) disulfhydryl ("PEG-SH-3.4") (mol. wt. 3.4 kD) is dissolved in 500 mL of a 0.3 M
triethanolamine buffer at pH 8.5.

Second precursor molecule solution

[0131] 220 mg of tetronic-tetraacrylate (mol. wt. 15 kD) is dissolved in 500 mL of a 0.3 M triethanolamine buffer at pH 8.5.

1k: Composition 11: Tetronic-tetraacrylate and 2 arm PEG-SH-3.4

[0132] 107 mg of poly(ethylene glycol) disulfhydryl ("PEG-SH-3.4") (mol. wt. 3.4 kD) is dissolved in 1.5 mL of a 0.3 M
triethanolamine buffer at pH 8.5.

Second precursor molecule solution

[0133] 220 mg of tetronic-tetraacrylate (mol. wt. 15 kD) is dissolved in 500 mL of a 0.3 M triethanolamine buffer at pH 8.5.



EP 2 537 539 A1

20

5

10

15

20

25

30

35

40

45

50

55

11: Composition 12: Tetronic-tetraacrylate and 2 arm PEG-SH-3.4

[0134] 354 mg of poly(ethylene glycol) disulfhydryl ("PEG-SH-3.4") (mol. wt. 3.4 kD) is dissolved in 1.5 mL of a 0.3 M
triethanolamine buffer at pH 8.5.

Second precursor molecule solution

[0135] 240 mg of tetronic-tetraacrylate (mol. wt. 15 kD) is dissolved in 500 mL of a 0.3 M triethanolamine buffer at pH 8.5.

1m: Composition 13: Tetronic-tetraacrylate and 2 arm PEG-SH-3.4

[0136] 140.7 mg of poly(ethylene glycol) disulfhydryl ("PEG-SH-3.4") (mol. wt. 3.4 kD) is dissolved in 50 mL of a 100mM
borate buffer at pH 10.1, 9.8 and 9.6.

Second precursor molecule solution

[0137] 286 mg of tetronic-tetraacrylate (mol. wt. 15 kD) is 50 mL of a 100mM borate buffer at pH 8.5.

Example 2a: Stability of the mixture of the first and second precursor molecules

First precursor molecule solution

[0138] 194 mg of poly(ethylene glycol) tetrasulfhydryl ("PEG-SH-5") (mol. wt. 5 kD) are dissolved in 1 mL of 10 mM
acetate buffer pH 4.9. The buffer is prepared by mixing a 100 mM acetic acid buffer and a 100 mM sodium acetate buffer
to achieve pH 4.90 and diluting the buffer 1:10 v/v with water.

Second precursor molecule solution

[0139] 545 mg of tetronic-tetraacrylate (mol wt. 15 kD) are dissolved in 2 mL of a 20mM acetate buffer pH 4.9. The
buffer is prepared by mixing a 100 mM acetic acid and a 100 mM sodium acetate buffer to achieve pH 4.90 and diluting
the buffer 1:5 v/v with water.

Basic solution

[0140] 0. 3 mL of a 250 mM carbonate buffer pH 11.0
[0141] When only the first and second precursor molecules are mixed by vortexing 30 s, gelation is occurring within
30 min. Gelation time was measured by dipping a needle in and out of the solution, the time was measured until threads
were formed indicating an advanced degree of cross-linking of the material. At a lower concentration of precursor
molecules, i.e. for precursor molecule solutions prepared as described in example 1c and 1d (composition 3 and com-
position 4), gelation only occurs after 1h. When the basic solution is applied to the mixture of precursor molecules, both
compositions gel within seconds (in less than 10 seconds).

Example 2b: Effect of the ratio between the number of acrylates and thiols functional groups present in the 
corresponding polymers

[0142] The first precursor molecule solution and the second precursor molecule solution as defined in example 1.c
are mixed in different volume ratios (0.25:1, 0.375:1, 0.5:1, 0.675:1 and 0.75:1). These ratios correspond to molar thiol
to molar acrylate ratios of 1:0.5, 1: 0.75, 1:1, 1: 1.25 and 1: 1.5. The first precursor molecule solution and the second
precursor molecule solution were mixed for 30 seconds by vortexing. 0.2 mL of a 50 mM borate buffer pH 9.3was then
added in a volume corresponding to one tenth of the total volume of the precursor molecule solutions. The mixture was
mixed by vortexing for exactly 5 seconds. By dipping a needle in and out of the solution, the time was measured until
threads were formed indicating an advanced degree of cross-linking of the material. A minimum gelation time of 10-11
seconds was obtained for the samples with a molar ratio of acrylate to thiol of 1:1 and 1: 0.75. The gelation time increased
to 13-15 seconds for the other ratios.
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Example 3: Preparation of the biomaterial

3a: Preparation of the biomaterial from composition 1, 2, 3, 4 and 6

[0143] Before application of the pharmaceutical composition at the desired site, the first and second precursor molecule
solutions are filled into two distinct syringes which are connected with a coupler. The first and second precursor molecule
solutions are mixed by transferring the material contained in one syringe to the other syringe (Typically, the solutions
are pushed back and forward 10 times). Although, the mixture remains stable 10-20 minutes after its preparation, ideally
the pharmaceutical composition should be used within 5 minutes after its preparation. The biomaterial is formed in situ
at the desired site, by delivering to the defect site the mixture comprising the first and second precursor molecules and
the activator using a two component device equipped either with a spreader tip or a sprayer tip. The biomaterial is formed
in less than 1 minute after delivery of the content of the two component device.

3b. Preparation of the biomaterial from composition 5, 10,11, 12 and 13

[0144] The first and second precursor molecule solutions are filled into two distinct syringes which are connected with
a coupler. The first and second precursor molecule solutions are mixed by transferring the material contained in one
syringe to the other syringe. The gelation point is reached in the syringe and the biomaterial is extruded from the syringe
and delivered into a mold.

3c. Preparation of the biomaterial from composition 7

[0145] The two precursor molecules are mixed by syringe-to-syringe mixing. Without addition of a basic solution, the
precursor molecules gel within 30 min. This means that the mixture of the precursor molecules can be stored for 30
minutes before use. When 300 ml of 0.25 M sodium carbonate buffer at pH 11.0 were added, the gelation occurred in
few seconds (less than 5 seconds).

Example 4: Swelling/Degradation of the biomaterial

[0146] To assess the swelling and degradation of the biomaterial, biomaterials were prepared from compositions as
described in examples 1a and 1b.
[0147] Before application of the compositions at the desired site, the first and second precursor molecule solutions
are filled into two distinct syringes which are connected with a coupler. The first and second precursor molecule solutions
are mixed by transferring the material contained in one syringe to the other syringe (Typically, the solutions are pushed
back and forward 10 times). Although, the mixture remains stable 10-20 minutes after its preparation (meaning that the
mixtures have not reached the gelation point before 10 to 20 minutes), the compositions should ideally be used within
5 minutes after its preparation. The biomaterials are formed in situ at the desired site, by delivering to desired site the
mixtures comprising the first and second precursor molecules and the basic solution using a two compartment device
equipped either with a spreader tip or a sprayer tip. The biomaterials are formed in less than 5 seconds after delivery
of the content of the two compartment device. The compositions are spread on a weighing dish so that a 1 mm layer of
the biomaterials are formed. The weighing dish containing the reacting solutions is then placed at 37°C in a humified
atmosphere and cured for 10 min. 3 discs with a diameter of 1.2 cm are cut out of each film. The specimens are placed
in tubes containing phosphate buffered solution (PBS) and placed in a incubator at 37°C. Biomaterials are removed
from the tubes with help of a spatula at different time points. The biomaterials are carefully dried using tissue paper to
remove any excess of water and then weighed. The biomaterials are then placed back into their respective tubes and
placed back in the incubator. The swelling reaches a value of 0.87 6 0.11 for the biomaterial formed from the composition
of example 1a and 0.32 6 0.06 % for the biomaterial formed from the composition of example 1b after 2 days in PBS
at 37°C. Both Biomaterials had completely dissolved within 28 to 35 days (Figures 1 and 2).

Example 5: Compression test

[0148] 8 specimens of biomaterials formed from composition 1 as described in example 1a and 8 specimens of
biomaterials formed from composition 2 as described in example 1b were prepared by filling 100 ml of compositions 1
and 2 into a cut 1 ml syringe. The biomaterials were cured for 5-10 min and then removed from their mold. Cylinders
with a diameter of 5 mm and a height of 11.5 mm were obtained. Four biomaterials were placed in 10 mM PBS at pH
7.4 and four biomaterials were put in a dry tube. The tubes were incubated at 37°C for 24 h. As the gelation time with
a basic solution having a pH of 9.8 and 10.4, respectively, was too fast to form homogeneous specimens, the pH of the
basic solution was lowered to pH 9.6. The samples were measured with a "Zwick Materialprüfung 1456" instrument.



EP 2 537 539 A1

22

5

10

15

20

25

30

35

40

45

50

55

The Young’s Modulus (elastic modulus) was determined with a 50 N load cell, the ultimate strength with a 20 kN load
cell. The pre-load speed was increased from 0.05 to 0.1 mm/s and the waiting time was reduced to 3 s. The Young’s
modulus was measured at 3% compression but at a speed of 0.08 mm/s. The same speed was applied with the 20 kN
load cell for pressure recording until the material cracked. Specimens of each biomaterials were compressed in dry state
and after 24 h incubation in PBS. None of the biomaterials were destroyed in its dry state (stored in air at 37°C for 24
h) when compressed up to 99%. In the wet state, the pressure at failure was 3.8 6 2.5 N/mm2 for the biomaterial formed
from composition 1 and 1.51 6 0.17 N/mm2 for the biomaterial formed from composition 2. The % of compression at
failure was 91 6 3% for the biomaterial formed from composition 1 and 88 6 2 % for the biomaterial formed from
composition 2. The Young’s Modulus was 0.125 6 0.005 for the biomaterial formed from composition 1 and 0.10 6 0.00
N/mm2 for the biomaterial formed from composition 2 in the wet state. In the dry state, the Young’s modulus of the
biomaterial formed from composition 2 was with a value of 0.561 6 0.152 N/mm2 higher than of the biomaterial formed
from composition 1 which exhibited a Young’s modulus of 0.152 6 0.024 N/mm2.

Example 6: Adhesive and cohesive strength of biomaterials

[0149] The adhesive and cohesive strength of the biomaterials are examined in a burst test. Burst Test measurements
were performed according to ASTM F-2329-04 (Standard test for burst strength of surgical sealants. A relative pressure
sensor (DeltaOhm TP704-2BGI) has been used with a measuring range from 0-2 bar (maximal over-pressure 4 bar)
and a resolution of 0.1 mbar. A syringe pump with a constant flow has been used as a fluid pump (Alaris, Asena GH).
For burst pressure testing, the composition 8 and Duraseal® prepared as described in example 1h and 1i are applied
to a humid collagen membrane. In order to guarantee equal sample shape, the collagen membrane is placed under a
mask, through which the sealant is applied. The samples are then allowed to cure before they are removed carefully
from the mask. After measuring sample thickness and weight, samples are clamped into the testing device and tested
separately. The increasing pressure, which acts directly on the sealant through a prefabricated hole in the collagen, is
measured constantly. After the sealant is burst, the pump can be turned off and evaluation of the collected data can be
achieved. To allow for a comparison of the particular burst strengths of different samples, their thickness was measured
before testing and normalized to 1 mm. Burst pressure testing of the two synthetic surgical sealants demonstrated clear
differences in their resistance to failure. While biomaterial formed from composition 8 burst at an average pressure of
240 mmHg, DuraSeal® burst at an average pressure of 74 mmHg. The rate of cohesive failure for both sealants was
90%, which demonstrates a good adherence to the collagen membrane used in the test.

Example 7: Surgical sealing of Sheep Dura

[0150] The dura mater of a sheep which had been sacrificed 3 hours was dissected. The skin was removed using a
scalpel and a rectangular shape was cut into the skull using a bone blade. The skull was lifted and because the dura
was still partly attached to the skull, the dura was carefully excised from the skull and placed back on the brain. compo-
sitions 1 and 2 (as described in example 1a and 1b) were spread as a thin film on the dura and let to cure for 1 min. No
leakage of fluids was observed. A round flat spatula was used to try and remove/peel the cured material off of the dura.
The gel appearance, the gelation time, and adhesiveness were quantitatively assessed on a scale of 1-5. For gel
appearance, grade 1 corresponds to an inhomogeneous gel. Grade 2 corresponds to a gel that is mainly rough, grade
3 to a gel that has some rough parts, and grade 5 to a homogeneous smooth gel. For gelation time, grade 1 corresponds
to about 50-100% of the composition running off. Grade 2 corresponds to about 25-50% of the composition running off,
grade 3 to about 5-10% of the composition running off and grade 5 about 0-5% of the composition running off. For
adhesiveness, grade 1 means that the gel peels off with no force, grade 2 that the gel peels off with low force, grade 3
that a medium force needs to be applied to remove the gel, grade 4 that very little of the gel peals off, and grade 5 that
none of the gel is removed. For composition 2 the pH was increased to 10.4 in order to decrease the gelation time. For
comparison, the compositions were also applied to wet collagen membranes as well as directly to the brain. Both
biomaterials formed from the compositions were found to adhere very well to the dura mater (biomaterial formed from
composition 1-grade4, biomaterial formed from composition 2-grade 3). The adhesiveness of the biomaterial to the dura
mater was found to be much better than the adhesiveness to collagen membranes. In contrary, when applying the
biomaterial to ovine brain (covered with pia mater and arachnoid layer) it could be peeled off easily. Composition 1 gelled
quickly (grade 4) and therefore at the end of application some rough parts were created due to semi-gelled material
being in contact with the spreader (grade 4 for gel appearance). composition 2, on the other hand, gelled rather slowly
(grade 2), even when the pH of the basic solution was increased to 10.4 and not all the product was staying at the place
of application but flowed off to the side, especially if the dura was not horizontal. Nevertheless, where the material was
applied, a thin layer of material remained. Within 30 s, the material formed a tough and non-sticky hydrogel (grade 5 for
gel appearance).
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Example 8: Sheep Durotomy Model

[0151] The dura mater of an anaesthized sheep was exposed and a 2-cm incision was made in the dura and arachnoid
so that cerebrospinal fluid leakage occurred. The defect was loosely repaired using 4/0 polypropylene suture but leaving
a 1 mm gap. Composition 8 as described in example 1h was used with the following method.

Sterilization of components

[0152] All applicator components, pouches, glass vials and closures were sterilized by gamma-irradiation at a dose
of 21.8 kGy. Thereafter any handling of sterile material was performed in a sterile hood. Buffers and the tetronic-
tetraacrylate solution were sterile filtered through 0.22 mm PES syringe filters. PEG-SH-5 was provided non-sterile in
the kit and filtered through a 0.22 mm PES syringe filter after reconstitution with tetronic-tetraacrylate during the kit
preparation.

Preparation of buffers

[0153] The basic solution was prepared by dissolving 1.59 g sodium carbonate in 50 ml aqua ad in-j ectable. The
recorded pH was 11.38.
[0154] The Tetronic-acrylate solution was prepared by dissolving 471 mg tetronic-tetraacrylate in 3 ml of 5 mM HCl
containing 0.05 mg/ml methylene blue. The reconstitution was achieved by vortexing 10-20 s, storing the solution at 4°C
for 10 min and centrifuging for 5 min at 2500 rpm. The 5 mM HCl solution was prepared from a 100 mM HCl solution by
dilution with aqua ad in-jectabile. Methlyene blue was prepared as a 10 mg/ml methylene blue in 5 mM HCl solution and
then diluted with 5 mM HCl.

Aseptic filling and packaging of kit

[0155] The double syringe was assembled with pistons prior to sterilization. 400 ml of sodium carbonate were filled
into the smaller compartment of the syringe and packed together with 4 spray heads and a plunger into pouch 1. The
PEG-SH-5-component was prepared by weighing 192 mg of polymer into a glass vials. The glass vial was whipped with
ethanol and the powder poured into a sterile glass vial without touching the outside. The vial was closed with a crimp
cap. The tetronic-tetraacrylate solution was taken up into a 20 ml syringe and 3.3 ml were transferred into 5 ml syringe
via a syringe-to-syringe coupler. The syringe was closed with a combi-stopper. The vial, the 5 ml syringe, a blue and a
pink needle and a syringe filter were packed into pouch 2 and heat-sealed. Pouch 1 and 2 were pooled into a larger
pouched and heat-sealed. The kits were stored at less than -15°C to -25°C and shipped on dry ice. On the day of the
experiment, the kit was removed from storage and placed at room temperature until completely thawed. At the time of
use, the kit was opened in the sterile field. The tetronic-tetraacrylate solution was transferred into the vial containing the
PEG-SH-5-powder. The powder was reconstituted by gently agitating the vial during 1-2 min. The mixture was taken up
into the syringe again and the syringe was connected to a sterile filter and a blue needle and transferred into the larger
compartment of the double syringe. The dispenser was attached to the double syringe and remaining air was expelled
from the double syringe. The spray nozzle was placed onto the double syringe and the applicator was now ready to use.
The composition was sprayed over the dural defect and the biomaterial solidified in less than 5 seconds. The dural defect
was carefully checked for reappearance of CSF leak. The sealant was able to intraoperatively stop the fluid leakage.
The material was still present after 1 week and was completely resorbed after 12 weeks.

Example 9: Testing of thermogelling properties of Tetronic-acrylate in high concentrations

[0156] The gelation properties of composition 11 (as described in example 1k) and composition 12 (as described in
example 11) were compared both in conjunction with linear PEG-SH 3.4 kDa. Gel formation was expected to occur
through chemical cross-linking in composition 11 and through physical means (thermo-gelling) followed by chemical
cross-linking in composition 12. Composition 11 gelled in 1.5 minutes after a 30 second syringe-to-syringe mixing and
had a set time of 2-3.5 minutes after applying the solution into a weighing dish through a needle. In case of composition
12, a gel was formed when the composition was applied to a weighing dish warmed by a surrounding water bath at 37°C
and run-down of the material was prevented. However, the set time was increased to 4-55 minutes and therefore the
gelation was longer than for composition 11.

Example 10: Influence of pH on reaction kinetics

[0157] The gelation time of a composition 10 (as prepared in example 1j) versus the pH of the buffer solution is depicted
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in Figure 3. This shows that the gelation time decreases with increasing pH. A similar behavior is observed for composition
13 (prepared as described in example 1m).

In brief, certain aspects of the invention thus pertain to the following:

[0158]

a) A composition comprising at least a first and a second precursor molecule, wherein:

i) the first precursor molecule is a poly(ethylene glycol) based polymer having x nucleophilic groups selected
from the group consisting of thiol or amino groups, wherein x is equal to 2 or greater than 2, preferably 3, 4, 5,
6, 7 or 8;
ii) the second precursor molecule is of the general formula:

 A-[(C3H6O)n-(C2H4O)m-B]i

wherein m and n are integers from 1 to 200
i is greater than 2, preferably 3, 4, 5, 6, 7 or 8
A is a branch point or moiety
B is a conjugated unsaturated group.

b) The composition of aspect a) wherein x is equal to 4.

c) The composition of any of the aspects a) to b) wherein the first precursor molecule is pentaerythritol poly(ethylene
glycol)ether tetra-sulfhydryl.

d) The composition of aspect c) wherein pentaerythritol poly(ethylene glycol)ether tetra-sulfhydryl has a molecular
weight in the range of about 2 to 20 kD.

e) The composition of aspect d) wherein pentaerythritol poly(ethylene glycol)ether tetra-sulfhydryl has a molecular
weight in the range of about 3 to 11 kD.

f) The composition of any of aspects a) to e) wherein B of the second precursor molecule is an acrylate group.

g) The composition of any of aspects a) to f) wherein the branch point or moiety A of the second precursor molecule
is selected from the group consisting of carbon, glycerol, pentaerythritol, dipentaerythritol and ethylene diamine.

h) The composition of any of the aspects a) to g) wherein the second precursor molecule has a molecular weight
in the range of about 10 to 25 kD.

i) The composition of any of the aspects a) to h), further comprising a base.

j) The composition of aspect i) wherein the base is sodium carbonate.

k) The composition of any of the aspects a) to j) wherein the composition further comprises a colorant.

l) The composition of aspect k) wherein the colorant is selected from the group consisting of methylene blue, lissamin
green and fast green.

m) A method for making a biomaterial comprising the steps of:

i) providing a first precursor molecule which is a poly(ethylene glycol) based polymer having x nucleophilic
groups selected from the group consisting of thiol or amino groups, wherein x is equal to 2 or greater than 2,
preferably 3, 4, 5 or 6;
ii) providing a second precursor molecule which is of the general formula:

 A-[(C3H6O)n-(C2H4O)m-B]i
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wherein m and n are integers from 1 to 200
i is greater than 2, preferably 3, 4, 5 or 6
A is a branch point or moiety
B is a conjugated unsaturated group
iii) reacting precursor molecules of steps i) and ii) in the presence of a basic solution to form a crosslinked three
dimensional network.

n) The method of aspect m) wherein the first precursor molecule and the second precursor molecule are dissolved
before step iii) in aqueous buffered solution having an acidic pH.

o) The method of any of the aspects m) and n) wherein the biomaterial is formed in less than two minutes.

p) The method of any of the aspects m) and o) wherein the biomaterial is formed in less than ten seconds.

q) The method of aspect m) wherein the composition of step iii) has a pH in the range of between 9 to 13.

r) A synthetic biomaterial formed from the composition of any of the aspects a) to l).

s) A composition of any one of aspects a) to l) for use as a tissue sealant.

t) A composition of any one of the aspects a) to l) for coating the surface of a tissue.

u) A composition of any one of aspects a) to 1) for reducing, inhibiting or containing loss of a biological fluid or gas.

v) Use of the composition of any of the aspects a) to l) for the manufacture of a medicament for effecting the non-
surgical attachment of a first surface and a second surface.

w) A kit for forming a biomaterial comprising:

i) a first container comprising a first precursor molecule which is a poly(ethylene glycol) based polymer having
x nucleophilic groups selected from the group consisting of thiol or amino groups, wherein x is equal to 2 or
greater than 2, preferably 3, 4, 5, 6, 7 or 8;
ii) a second container comprising a second precursor molecule of the general formula:

 A-[(C3H6O)n-(C2H4O)m-B]i

wherein m and n are integers from 1 to 200
i is greater than 2, preferably 3, 4, 5, 6, 7 or 8
A is a branch point or moiety
B is a conjugated unsaturated group.

x) The kit of aspect w) further comprising a third container comprising a basic solution.

y) The kit of any of the aspects w) to x) further comprising a dual compartment syringe.

Claims

1. A composition comprising at least a first and a second multifunctional precursor molecule, wherein

(i) the first precursor molecule is selected from the group consisting of polyoxyalkylene and polyoxyalkylene
derivatives, peptides, polypeptides, poly(vinyl pyrrolidinone) and polyaminoacids having at least two nucleophilic
groups selected from thiols and amines wherein the first precursor molecule has a molecular weight of between
2 to 20 kD,
(ii) the second precursor molecule is a polyethyleneoxide-polypropyleneoxide (PEO-PPO) block copolymer.

2. The composition of claim 1 wherein the second precursor molecule has at least two electrophilic groups selected
from conjugated unsaturated groups, preferably acrylates and methacrylates.
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3. The composition of claim 1 or 2 wherein the second precursor molecule has a molecular weight of between 10 to 25 kD.

4. The composition of any of the claims 1 to 3 wherein the first precursor molecule is a polyoxyalkylene selected from
the group consisting of polyethylene oxide, polypropyleneoxide, polyethylene oxide-co-polypropylene oxide and
polyvinylalcohol, the first precursor molecule having at least two nucleophilic groups selected from thiols and amines.

5. The composition of any of the claims 1 to 4 wherein the first precursor molecule is a polyethyleneoxide having at
least two thiol groups.

6. The composition of any of the claims 1 to 5 further comprising a colorant, preferably an organic colorant, most
preferably selected from the group consisting of methylene blue, lissamin green and fast green.

7. A kit for forming a biomaterials comprising

a. a first container comprising a first precursor molecule selected from the group consisting of polyoxyalkylenes
and polyoxyalkylene derivatives, peptides, polypeptides, poly(vinyl pyrrolidinone) and polyaminoacids having
at least two nucleophilic groups selected from thiols and amines wherein the first precursor molecule has a
molecular weight of between 2 to 20 kD and
b. a second container comprising a second precursor molecule which is a polyethyleneoxide-polypropyleneoxide
(PEO-PPO) block copolymer having at least two electrophilic groups selected from acrylates and methacrylates.

8. The kit according to claim 7 wherein the second precursor component has a molecular weight of between 10 to 25 kD.

9. The kit of claim 7 or 8 wherein the second precursor molecule has at least two electrophilic groups selected from
conjugated unsaturated groups, preferably acrylates and methacrylates.

10. The kit according to any of the claims 7 to 9 further comprising a third container comprising a basic solution.

11. The kit according to any of the claims 7 to 10 wherein the first precursor molecule is a polyoxyalkylene selected
from the group consisting of polyethylene oxide, polypropyleneoxide, polyethylene oxide-co-polypropylene oxide
and polyvinylalcohol, the first precursor molecule having at least two nucleophilic groups selected from thiols and
amines.

12. A biomaterial formed by the composition of any of the claims 1 to 6.

13. A composition of any of the claims 1 to 6 for use as a biomaterial.

14. A composition of claim 13 for effecting a non surgical attachment of at least a first surface and a second surface or
to prevent or reduce loss of biological fluids.

15. A method of making a biomaterial comprising the steps of:

a. providing a first precursor molecule selected from the group consisting of polyoxyalkylene and polyoxyalkylene
derivatives, peptides, polypeptides, poly(vinyl pyrrolidinone) and polyaminoacids having at least two nucleophilic
groups selected from thiols and amines wherein the first precursor molecule has a molecular weight of between
2 to 20 kD;
b. providing a second precursor molecule which is a polyethyleneoxide-polypropyleneoxide (PEO-PPO) block
copolymer;
c. reacting precursor molecules of step a) and b) in the presence of a basic solution to form a crosslinked three
dimensional network.

16. The method of claim 15 wherein the second precursor molecule has at least two electrophilic groups selected from
conjugated unsaturated groups, preferably acrylates and methacrylates, and wherein the second precursor molecule
preferably has a molecular weight of between 10 to 25 kD.

17. The method of claim 15 or 16 wherein the first precursor molecule and the second precursor molecule are dissolved
before step c) in aqueous buffered solution having an acidic pH.
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